Introduction
The notion of donor and acceptor bonds is a ubiquitous concept appearing in many areas of chemistry and is widely used for the rationalization of otherwise not easily understandable chemical properties, especially of complex compounds.
1, 2 Using an ad hoc concept of frontier orbital interactions, it lays out the foundation for more specific models like the one proposed by Dewar, Chatt and Duncanson 3, 4 for the binding between alkene ligands and transition metal (TM) centers or π backbonding between TM atoms and carbonyl (CO) ligands. To this day, the common consensus for the TM-CO bonding picture remains the synergistic donation of CO electrons via σ bonds into empty TM d orbitals and backdonation from the metal center into π* orbitals of the CO ligands, mitigated by M-C π bonds due to the large overlap of TM d and CO π* orbitals. The backbonding into the unoccupied CO π* orbitals is also commonly used to explain the CO bond destabilization and hence CO stretch frequency red shift of so-called "classical" carbonyl complexes, representing the majority of TM carbonyl complexes (although for non-classical complexes the π backbonding is just said to be of less importance than the primary σ bond, resulting in no red-shift or even leading to a blue shift 5 ). This traditional picture is very well investigated and supported by a large number of quantum chemical studies published over the course of decades, employing different computational methods on different conceptual levels and for a wide variety of TM carbonyls. [6] [7] [8] [9] [10] [11] [12] However, analyses of the bond character in TM carbonyls are often based on concepts and measures operating with the use of molecular orbitals (MOs), non-unique sets of one-electron wave functions which do not directly correspond to any physical observable (and furthermore often built up from atomic one-electron basis functions, which is not necessarily a good basis for the compound), a point previously raised by
Cortes-Guzman and Bader 12 who rather based their discussion of the TM-CO bond on the topological analysis of electronic density in real space.
Another common concept to classify bonding in complex compounds based on the analysis of molecular orbitals is the one of formal oxidation states (FOS). CO is commonly classified as Ltype ligand, meaning that the TM-CO bond is treated as completely dative in nature and no electron transfer in the formal oxidation state framework is taking place. 13 However, this concept does not necessarily reflect real-space electron density distribution, leading to situations in which a significant depletion of electron density around the metal center can take place (and in turn an increase around the C and O nuclei), although formally (in the FOS picture) no charge is transferred. Since the internal energy of the complex in turn depends on the specific electron density distribution, it is this real-space charge transfer to which the differences in chemical and physical properties (complex stabilities, CO stretch frequencies etc.) of carbonyl compounds can be assigned. The correlation between CO stretch frequencies and transferred real-space charge to the ligands as well as the stabilizing effect of this transfer have been previously reported in literature. 12, 14 Interestingly, in a recent investigation, Wu et al. were able to isolate the octacarbonyl complexes of Ca, Sr and Ba in a low-temperature neon matrix. 7 Although not d block elements themselves, these "honorary" transition metals were found to form compounds whose many- We use a straightforward orbital-independent basis set truncation approach to theoretically probe the role of d functions on the metal-CO bonds in these three systems with regard to complex stability, C-O bond strength, real-space charge transfer, and bond order. For the last two properties, we utilize Bader analysis, a common approach to determine the charge of atoms in molecules by integration of electron density basins associated with them, and delocalization indices (DIs), a measure for the delocalization of electrons between pairs of these basins and indicative of the covalent character of the bonds connecting them. For details on these two approaches, see . We find that the omission or lack of d contributions destabilizes the carbonyl complexes, while making M-CO bonding more ionic and the CO stretch frequency red shift more severe, in contrast with the common π backbonding-based explanation of TM-CO bonding.
Results and Discussion
Electronic structure computations, geometry optimizations and vibrational analyses of the isoelectronic complexes Mg(CO) 8 30 We restrict ourselves to the detailed discussion of 18-electron octacarbonyl complexes, since these were found to be electronic potential energy surface minima with Mg, Ca and Ti 2+ (even under basis set alterations) with our computational setup and also present more realistic model systems for this investigation than e.g. a simplistic single MCO unit which would not account for the effects of several ligands.
We also tested for the effect of dispersion corrections (via DFT-D3 correction 31 ) and basis set superposition errors 32, 33 (BSSE) and found both to be inconsequential for the conclusions drawn in this work. For details see section Dispersive and Basis Set Superposition Effects in the Supporting Information.
Molecular and Electronic Structure
The "honorary" and true TM complexes Ca(CO) 8 
The formation energies for the three investigated carbonyl complexes, as well as the average M-C and C-O bond lengths obtained after geometry optimization are listed in Table 1 . For more detailed geometry specifications, see section Complex Geometries in the Supporting Information. In the following, the MOs will be denoted by their irreducible representation in the O h or D 4d
DI(M-C)
geometry. Fig. 1 shows the MO schemes for the two investigated complex geometries, including the valence orbitals with the 18 electrons relevant for the M-CO interaction.
6 
Mg(CO) 8
Although not a TM, our computations predict the magnesium octacarbonyl complex to be stable (see Table 1 ), but with about -29 kJ/mol bound significantly weaker than Ca(CO) 8 and
. This formation energy does not account for any vibrational effects. We find that the inclusion of the zero-point energy (ZPE) correction leads to a destabilization of the complex by +31 kJ/mol (E f ZPE = +2 kJ/mol), so that the complex would be slightly unstable and not observable under vibrations. However, here we are interested only in an isoelectronic non-TM reference case to study the relative effect of d basis functions on the metal carbonyl complex
properties. Therefore we deem a local minimum of the electronic potential energy surface as sufficient to study general trends in vibrational frequencies, electronic structure and relative formation energy changes.
The full cc-pVQZ basis set for Mg contains six sets of s, five of p, three of d, two of f and one set of g functions with different radial extent. Fig. 2 illustrates the changes in average CO stretch frequencies and binding energies for different degrees of truncation of the cc-pVQZ basis. Bader charge close to +1.7 (as opposed to a formal oxidation state of ±0, since the Mg-assigned highest a 1 is doubly occupied) and only 0.04 electrons delocalized between Mg and C basins.
Destabilization of the carbon-oxygen bond can be explained by the charge transfer from the Mg central atom to the CO ligand (cf. the CO stretch frequency in a free CO -anion is lower than for the neutral species, with our computational setup a red shift of 1744 cm -1 and a C-O distance of 9 1.2101 Å was obtained upon negatively charging CO). In terms of orbital interactions, this could be rationalized by the population of CO π* orbitals through a Mg-s σ-"backbonding" from the formal Mg 0 central atom, weakening the carbon-oxygen bond.
Ca(CO) 8
As can be seen in Table 1 , the octacarbonyl calcium complex is predicted to be more than ten times more stable than the corresponding magnesium complex, which is in agreement with the observation of higher group II octacarbonyl complexes, but not of the lighter alkaline earth elements. The cc-pVQZ basis set for Ca contains seven sets of s, six of p, four of d, two of f and one of g orbitals. The change of binding energies and average CO stretch frequencies with different degrees of basis truncation is illustrated in Fig. 3 . by EDA-NOCV in the work of Wu et al. 7 Interestingly, as can be seen in Fig. 3 and Table 1 , the
red shift of the CO stretch frequencies and C-O bond elongation does not depend on the occurrence of metal-CO π bonds. Moreover, the CO stretch frequencies increase slightly with the formation of M-CO π bonds.
This correlates with the decreasing ionicity of the bond (see Table 1 ), since the d contributions to the SOMO and SOMO-2 level states increase the population on Ca, shifting electron density back from the CO ligands to Ca (a total of 0.3 |e| as found by Bader analysis), and increasing the covalency of the M-C bond as indicated by an increasing DI(M-C). In other words, the population of CO π* states decreases the CO stretch frequency, but it does not require M-CO π bonds. The latter mitigate the red shift by an effect similar to the previously reported charge self-regulation of TMs, 35 retaining some population of Ca states. We want to emphasize at this point that from the molecular orbitals of the non-d case no "synergistic" σ-donation/π-backbonding mechanism can be deduced, but rather an occupation of CO ligand group orbitals stemming from the combination of CO π* orbitals, causing a more Failures of FOS to describe redox phenomena have been reported before; [35] [36] [37] [38] [39] [40] here we see a rather severe failure.
[Ti(CO) 8 ]

2+
As a true TM carbonyl complex, the 18-electron [Ti(CO) 8 Similarly to the octacarbonyl calcium complex, the alleviation (or in this case reversal) of the CO stretch frequency red shift can be attributed to the formation of stronger metal-CO (π) bonds that lead to a back-transfer of charge density from CO to the TM, reducing the ionization of CO (and hence lowering the CO π* population), as can be seen from the Bader charges and DIs in Table 1 ).
While M-C π bonds have been already discussed as main factor of TM carbonyl complex stabilities in literature, 41, 42 the red shift of CO ligands is still commonly associated with the formation of M-C π bonds enabled by TM d functions. As can be seen here, this is not precisely the case, but it is rather caused by a metal-CO charge transfer which does not require M-C π bonds to take place.
Conclusions
We theoretically investigated Mg(CO) 8 , Ca(CO) 8 and [Ti(CO) 8 ] 2+ complexes by the means of density functional theory. We used a simple basis set truncation to unambiguously discern the contributions of metal basis functions with different nodal structure (as well different radial extent) to electronic structure, energetics and geometry of these complexes and therefore the dependence of these factors on central atom orbitals. The conclusion we can draw from our investigation is threefold:
1. Central atom d functions play a crucial role in the stabilization of TM and TM-like carbonyl complexes relative to non-TM carbonyls. This might be the main reason for the commonly observed instability of C-bound main group metal carbonyl complexes (with exception of e.g. higher group-II elements). 43 Also, our computations suggest that Mg(CO) 8 would be indeed unstable under inclusion of zero-point vibrations. 3. The CO stretch frequency decrease in metal carbonyl bonds is not dependent on d functions.
Presence of d functions and the formation of M-C π bonds increase the covalency of the metal-CO interaction and lead to a charge transfer from CO to the metal center that reduces the (excess) charge density on CO and generally leads to stronger C-O bonds than in the more ionic case without metal d functions. We cannot deduce a σ-bonding/π-backbonding mechanism in TM carbonyl complexes in the framework chosen by us.
We want to emphasize at this point that our approach is fundamentally different from previous investigations on metal-CO bonding, since we do not try to simultaneously differentiate between the contributions of different orbital types within the same system, but rather contrast the properties of an electronically relaxed system with significant d function influence with an (artificial) electronically relaxed reference system that lacks this contributions. We argue that this approach might be physically more meaningful since it does not require the analysis of orbitals themselves but rather compares well-defined properties (with the tradeoff of not so welldefined systems). We also want to point out that, in accordance to previous findings, 14 we are able to reproduce the correlation between CO stretch frequencies and real-space charge transfer (here in the form of Bader charges and DIs), which once more elegantly provides an avenue to rationalize even minor modulations of CO frequencies that the concept of formal oxidation states cannot provide 36 and seems in general better applicable for the explanation of phenomena.
37-39
The formal oxidation state of the metal in Mg(CO) 8 stays ±0, switches from +2 to ±0 in Ca(CO) 8 and switches from +4 to +2 in [Ti(CO 
Supporting Information
Basis Set Test
In Figs. S1 and S2 the total energies and binding energies of the Mg(CO) 8 and Ca(CO) 8 complexes are shown with increasing size of the cc-pVXZ basis set (with X=D,T,Q,5), respectively. 1-4 As can be seen, energies are mostly converged form the triple-zeta level on. As a compromise between the additional accuracy the cc-pV5Z basis provides and computational feasibility, the cc-pVQZ basis set was chosen. Deviations between quadruple-zeta and quintuplezeta level are less than 0.002 E h (5.3 kJ/mol) towards stronger binding in both cases, which does not affect the conclusions drawn in the main text. The inclusion of more diffuse functions in form of an augmented cc-pVQZ basis set brought an additional gain in accuracy in the Mg(CO) 8 case, but since the aug-cc-pVQZ basis set is not available for Ca, and the results with cc-pVQZ on Ca and aug-cc-pVQZ on C and O are deviating more from the cc-pV5Z benchmark than with the cc-pVQZ basis on all atoms, no augmented basis sets were used. In Fig. S3 , the average CO stretch frequencies in Mg(CO) 8 and Ca(CO) 8 
Dispersive and Basis Set Superposition Error Effects
In Table S1 the total energy changes with an additional dispersion correction as proposed by
Grimme et al. (DFT-D3) 5 for the three investigated complexes (with full cc-pVQZ basis and M06-2X functional 6 as implemented in the program package Gaussian 16 7 ) are listed. Table S1 also includes the basis set superposition error 8, 9 for the three complexes with two fragments (Ca and (CO) 8 
Influence of Complex Geometry
In 
Complex Geometries
In Tables S2 -S4 , the optimized complex geometries for Mg(CO) 8 , Ca(CO) 8 
